1. Introduction {#s0005}
===============

T cell development is a process that restricts lineage choices of common lymphoid precursors (CLPs) and lymphoid-primed multipotent precursors (LMPPs) in a step-by-step fashion. The thymus is a permissive microenvironment for T-cell lineages by providing spatiotemporally structured signals to instruct CLPs and LMPPs to differentiate in a fixed direction ([@bb0025]). These signals drive lymphoid precursors to become early thymic progenitors (ETP) cells, to become CD4/CD8 double negative (DN, DN2-DN3-DN4), to become CD4/CD8 double positive (DP), then finally to become either CD4 or CD8 single positive thymocytes (SP). Recent progress has unveiled that thymic T-lineage commitment and maintenance requires activation of several key transcription factors ([@bb0225]). Among them, Bcl11b plays a dominant role in each step of thymocyte development. During phase I of the lineage choice decision (ETP to DN2a) ([@bb0225]), the loss of Bcl11b results in the continuous expression of genes that maintains stemness and multipotency and differentiation of early thymocytes into the myeloid and NK lineages ([@bb0080], [@bb0110], [@bb0115]). In addition, Bcl11b-deficient cells that have passed through the first stage of lineage choice and have committed to the T cell lineage are still susceptible to reprogram into an NK-like cell lineage([@bb0085], [@bb0115]). While the lineage-specifying transcription factors for T cells have been extensively studied, upstream mechanisms have remained to be investigated. Specifically, it is intriguing to know how these transcription factors are regulated by external signals, and wha surface receptors are responsible for lineage stability in committed T cells.

CD147, also known as Basigin or EMMPRIN, is a highly glycosylated immunoglobulin superfamily protein. Under physiological conditions, this transmembrane protein is widely expressed and plays fundamental roles in various hematopoietic and non-hematopoietic cell lineages ([@bb0040], [@bb0065], [@bb0090], [@bb0130]). In various cancers, levels of CD147 expression are highly elevated and are associated with poor prognosis ([@bb0005], [@bb0020], [@bb0155], [@bb0210]). Beyond its role as a tumor biomarker, CD147 is considered as a bona-fide tumor associated antigen (TAA) because of its intrinsic regulation in tumorigenesis ([@bb0010], [@bb0165], [@bb0175], [@bb0195]). Besides its critical role in tumorigenesis, CD147 is also identified as a signal receiver for immune modulation, especially in T cell development and activation. Throughout the entire T cell lineage, from ETPs to naïve T cells and to fully differentiated memory cells, CD147 is highly expressed ([@bb0095], [@bb0135]). Blocking CD147 with a specific monoclonal antibody partially arrested thymocyte development at both the DN3 to DN4 transition and DP to CD4^+^ SP selection ([@bb0135]), and the latter phenotype was validated by Lck-Cre driven CD147 genetic deletion ([@bb0220]). These developmental abnormalities could indicate that loss of CD147 impairs pre-TCR/TCR signaling; but it may alternatively suggest that CD147 functions in other critical pathways that facilitate thymocyte development besides TCR signaling.

In this study, we analyzed thymocyte development in a mouse strain that carries the conditional CD147 allele and transgenic Cre recombinase under the control of the proximal Lck promoter (CD147^T-KO^ mice ([@bb0220])). Using this model, we made a surprising discovery that the loss of thymic cellularity and diminished cells of the T-cell lineage was accompanied by an increase of various lymphocyte populations with innate immunological functions, such as γδ T cells, NKT-like cells, and NK-like cells. We further assessed the lineage conversion capacity of these cells, dissected their associated molecular mechanism, and determined that CD147 could serve as an immune modulatory target for antibody-mediated cancer therapy.

2. Materials and Methods {#s0010}
========================

2.1. Mice {#s0015}
---------

CD147^T-KO^ conditionally knocked out mice were developed according to a standard gene targeting approach in ES cells, and were used in previous experiments ([@bb0105]). CD147^T-KO^ mice were of a mixed C57BL/6 J and 129S5 genetic background. Normal female C57BL/6 mice were purchased from the Fourth Military Medical University, Laboratory Animal Center, and white C57BL/6 mice were obtained from the Biomedical Analysis Center of the Third Military Medical University. The detail information can be found in *Supplemental materials and methods*.

2.2. Reprogramming of T cells to NK-like Cells *In Vitro* {#s0020}
---------------------------------------------------------

Myeloid cells were obtained from mouse bone marrow after injection of 5-FU for 4 days, and DP cells were sorted by FACS. 10^5^ cells/well of myeloid cells or DP cells were cultured on OP9-DL1 stromal cells in media (alpha-MDM with 20% FCS, 1% penicillin/streptomycin, and 2 mM [l]{.smallcaps}-glutamine, 5 × 10--5 M β-mercaptoethanol, 10 mM Hepes buffer, sodium pyruvate, 5 ng/ml IL-7 (R&D), and 27.5 ng/ml Flk2/Flt3 (R&D)). Every 3 days, half of the media was replaced with new media for 7 to 21 days. DN3 or DP thymocytes were sorted by FACS, and likewise co-cultured with OP9-DL1 in T cell culture media (RPMI-1640, 10% FCS, 1% penicillin/streptomycin, 2 mM [l]{.smallcaps}-glutamine, 5 ng/ml IL-7, 27.5 ng/ml Flk2/Flt3) at 3000 cells per well in 24-well plates. 100 ng/ml huIL-2 was supplemented in T cell medium to promote NK-like cell proliferation. Every 3 days, half of the media was replaced with fresh T cell media with IL-2.Every seven days, cells were collected by vigorous pipetting, filtered through cell strainers and transferred to new tissue culture plates pre-seeded with fresh OP9-DL1 stromal cells. Cells were collected and analyzed by FACS after 14 days.

2.3. Reprogramming of Single Thymocyte to NK-like Cells {#s0025}
-------------------------------------------------------

Single DN3 thymocyte was sorted directly into individual wells in a 96-well plate pre-seeded with OP9-DL1 stromal cells in T cell medium supplemented with 100 ng/ml huIL-2.Medium was changed every 3 days. After 12 days cells were analyzed by flow cytometry.

2.4. Cytotoxicity Assays for Converted NK-like Cells {#s0030}
----------------------------------------------------

Target cells, B16-F10 melanoma cells, were maintained in RPMI-1640,10% FCS, 1% penicillin/streptomycin, 2 mM [l]{.smallcaps}-glutamine. NK-like cells were generated *in vitro* with OP9-DL1 feeder cells as described above. To perform the cytotoxicity assay, target cells were washed and incubated with 0.1 μCi Na~2~^51^CrO~4~ for 45 mins at 37 °C. ^51^Cr-loaded cells were then washed and mixed with to-be-tested effector cells at various ratios, and then incubated for 4 h at 37 °C before the supernatant was tested for chromium release in a scintillation counter. Percent specific lysis was calculated as (experimental release − spontaneous release) / (maximum release − spontaneous release) × 100.

2.5. Retroviral Transduction of Mouse Bone Marrow Cells {#s0035}
-------------------------------------------------------

The day before transduction, PLAT-E packaging cells were plated at 1 × 10^6^cells/well of a 6-well plate in DMEM with 10% FCS. After 24 h, the cells were transfected with MSCV-Puro-2Xins-mG-Mock vectors carrying TCF1 and Neo cDNAs using Fugene 6 transfection reagent (Roche) according to the manufacturer\'s instructions. 24 h after transfection, medium was replaced and the plate was transferred to 32 °C for retrovirus production. The viruses were collected at 48 h and 72 h, and filtered with a 0.45 μm filter before transduction. Twenty-four hours after transduction, the medium was replaced. Mouse bone marrow cells were seeded at 8 × 10^5^ cells per 100 mm dish. After 24 h, virus-containing supernatants derived from these Plat-E cultures were filtered through a 0.45 μm cellulose acetate filter (Schleicher & Schuell) and supplemented with 4 μg/ml polybrene (Nacalai Tesque). Target cells were incubated in the viral/polybrene-containing supernatant for a minimum of 4 h. After infection, the cells were replated in 10 ml fresh medium. 3 days after infection, G418 was added at a final concentration of 0.3 mg/ml, and the GFP^+^ cells were sorted by FACS Aria.

2.6. *In Vivo* Tumor Transplantation {#s0040}
------------------------------------

6 week old female C57BL/6 mice were used in all experiments. A murine *in situ* hepatoma model was generated by intraperitoneally anesthetizing mice with 50 mg/kg of pentobarbital. The mice were fixed, and their abdomens dissected to expose their liver. 1 × 10^6^ viable Hepa16 cells or Hepa16-IRES cells in 0.05 ml DMEM were intrahepatically injected into murine liver. 10 mg/kg of CD147 antibody (R&D, Clone \# 116318) was used for treatment starting on day 3, and treatment was given every three days for two weeks. Small animal imaging was performed on hepatoma-bearing mice on day 3, 7, 14, 28 and 42, and the livers were removed at day 3, 7 and 14, and were weighed to determine the tumor growth. The number of NK cells were quantified using flow cytometry and immunofluorescence. Black C57BL/6 mice were used in melanoma model. 5 × 10^4^ viable B16-F10 cells resuspended in 0.02 mL DMEM were subcutaneously injected, and tumor size was detected starting on day 6. 10 mg/kg of CD147 antibody treatment was carried out from day 1, and treatment was given every three days for four times. The number of NK cells were again quantitated using flow cytometry and immunofluorescence.

2.7. Statistical Analysis {#s0045}
-------------------------

Graphpad Prism software was used to analyze the data. Means, S.D. and the probability (*p*) were presented in some figures. ANOVA were used to compare when divided into more than two groups, and student\'s *t*-test was used to assess the comparisons between two groups. Comparisons of tumor-growth curves were assessed by analysis of variance. \**p* \< 0.05 was considered significant.

The other methods can be found in *Supplemental materials and methods*.

3. Results {#s0050}
==========

3.1. Loss of CD147 Biases Developing T cells Into NKT-like Lineages {#s0055}
-------------------------------------------------------------------

In fetal thymic organ culture, suppression of CD147 resulted in a transitional block of developing thymocytes from the DN to DP stage. In another report, this blockade was established as early as the DN1 stage ([@bb0135]). Through the proximal Lck promoter-driven Cre expression, we previously reported that the loss of CD147 dampened thymic cellularity in various populations ([@bb0220]). We revisited these CD147^T-KO^ mice to assess detailed roles of CD147 during thymic development. Using the thymus from 6-week-old mice, we detected again a significant reduction in thymic weight in the CD147^T-KO^ mice compared to those in the control mice (Fig. S1A). In addition, the total number of thymocytes in the CD147^T-KO^ mice was significantly lower than that of the control mice (Table. S1). Besides the reduction of total cellularity, we observed that the percentage of total DN cells was increased in the CD147^T-KO^ thymus, accompanied with disproportionate decrease of the DP population (Fig. S1B & Table S2). We examined whether this decrease in cell number was due to the excessive amount of cell death in the DP cell population in the absence of CD147 signaling. Using freshly isolated thymocytes, we performed FACS-aided TUNEL staining, and found no difference in the ratios of apoptotic DP thymocytes between wild type (WT) and CD147^T-KO^ mice (Fig. S1C). We reasoned that the contraction of the DP population was most likely due to impaired transition from the DN to DP stage. In addition, we observed a reproducible percentage increase of DN3 cells and relative contraction of the DN4 population, indicating a DN3 to DN4 block ([Fig. 1](#f0005){ref-type="fig"}A). Taken together, the above results validate that CD147 is indispensable for immature thymocyte development. We examined CD147^T-KO^ lymphocytes in peripheral blood, lymph nodes, and spleens. Unlike the observed defects in thymus, in comparison to their littermate controls, the total number of splenocytes was similar in CD147^T-KO^ mice (Fig. S2A & Table S3). Furthermore, ratios are normal between T and B cells; and the CD4^+^ to CD8^+^ ratios were also comparable to that of WT mice (Fig. S2B--C & Table S4). Similar results were found in the lymph node and blood (Fig. S2D). Given this, we speculated that the moderate developmental defect in the thymus might be compensated by peripheral homeostatic expansion after CD4^+^ and CD8^+^ SP thymocytes egress. We further characterized other innate-like lymphocyte populations in the CD147^T-KO^ mice. Accompanying the loss of αβ T cells, the percentage of γδ T cells increased 1.83-fold ([Fig. 1](#f0005){ref-type="fig"}B) in the thymus of CD147^T-KO^ mice and 1.44-fold in spleen ([Fig. 1](#f0005){ref-type="fig"}C); the percentage of thymic ΝΚΤ and NK-like cells increased 2.47-fold and 2.25-fold, respectively ([Fig. 1](#f0005){ref-type="fig"}D). Since the liver is a peripheral organ in which NK and NKT cells are enriched ([@bb0050]), we analyzed these populations and found that, within hepatic leukocytes, the percentage of NKT and NK-like cells increases from 9.45 ± 3.52%(WT) to 15.43 ± 3.89% (CD147^T-KO^) and 11.62 ± 3.94% (WT) to 20.54 ± 4.12% (CD147^T-KO^), respectively ([Fig. 1](#f0005){ref-type="fig"}E). Accordingly, absolute numbers of NK1.1^+^ cells in thymi and livers were also expanded in the CD147^T-KO^ mice compared to those in the control mice (Table S5), which indicated that the expansion of NKT- and NK-like populations was an absolute increase rather than a relative enrichment. This bias towards non-αβ T cells -- the enrichment of γδ T cells and NK-lineage cells --- was also evident in other peripheral lymph organs, such as the lymph node, spleen and blood (Fig. S3A--C). To validate the NK-like lineage bias indicated by cell surface markers, we analyzed the thymic expression of multiple lineage-specific regulators on CD147 deletion. PLZF is a transcription factor that is both necessary and sufficient to enforce the innate effector program of NKT cells ([@bb0030]). We identified that PLZF protein levels were increased in CD147^T-KO^ thymus ([Fig. 2](#f0010){ref-type="fig"}A), which is largely due to the increase of thymic PLZF^+^ populations ([Fig. 2](#f0010){ref-type="fig"}B). A similar proportional increase of PLZF^+^ cells was also identified in the livers of CD147^T-KO^ mice ([Fig. 2](#f0010){ref-type="fig"}C). To determine the source of this increase, we sorted Lin-Sca1^+^ c-Kit^+^ hematopoietic stem cells (HSCs) from the bone marrow of WT and CD147^T-KO^ mice and cultured them side-by-side on OP9-DL1 stromal feeder cells under the standard T-lineage induction conditions ([@bb0140]). By day 7, 71.4 ± 6.52% of WT HSCs differentiated into CD4^−^ CD8^−^ TCRβ^+^ cells, but this differentiation was significantly inhibited (50.65 ± 5.74% CD4-CD8-TCRβ^+^) upon CD147 deletion initiated at the late DN2 stage. Within the TCRβ^+^ population, the ratio between the DN3 and DN4 cells changed from 2:1 to 6:1, which recapitulates the *in vivo* developmental phenotype of CD147^T-KO^ mice ([Fig. 2](#f0010){ref-type="fig"}D). This inhibition of T cell development was accompanied by a significant increase of PLZF^+^ cells in the CD147^T-KO^ HSC culture. This biased differentiation can be reproduced using WT HSCs when a functional blocking antibody against CD147 was applied to the culture ([Fig. 2](#f0010){ref-type="fig"}D, E). A similar biased development of PLZF^+^ cells was seen when sorted CD147^T-KO^ DP thymocytes were applied to an OP9-DL1-supported culture ([Fig. 2](#f0010){ref-type="fig"}F), and about 70% of these PLZF^+^ cells were expressed TCRβ ([Fig. 2](#f0010){ref-type="fig"}G). Taken together, these data show that PLZF^+^ NKT-like cells preferentially develop at multiple stages of T cell development upon CD147 deletion or functional suppression.Fig. 1CD147 deletion in T cells lead to an increase in innate-like lymphocytes. A. Analysis of DN1-DN4 thymocytes from WT and CD147^T-KO^ mice using flow cytometry. \**p* \< 0.05; \*\**p* \< 0.01; NS, no significance. B---C. Analysis of TCRβ T cells and TCRγδ T cells in thymus (B) and in spleen (C) of WT and CD147^T-KO^ mice using flow cytometry. D--E. Analysis of NK and T cells in thymus (D) and in liver (E) of WT and CD147^T-KO^ mice using flow cytometry. Data are representative 6 (A) or 4 (B--E) experiments.Fig. 1Fig. 2CD147 deletion in T cells lead to an increase of PLZF^+^ NKT-like cells. A. Analysis of PLZF protein expression in the thymus of WT and CD147^T-KO^ mice by western blot. B---C. Analysis of PLZF^+^ cells in the thymus (B) and in liver (C) of WT and CD147^T-KO^ mice using flow cytometry. D. Bone marrow hematopoietic stem cells were co-cultured on OP9-DL1 cells without IL-2, and then collected after 7 days. The CD4 *vs.* CD8, TCRβ and CD25 *vs.* CD44 populations were detected by flow cytometry. E. Bone marrow hematopoietic stem cells were enriched and co-cultured on OP9-DL1 cells without IL-2, and then collected after 14 days. PLZF^+^ cells were analyzed using flow cytometry. F. DP thymocytes were co-cultured on OP9-DL1 cells without IL-2, and then collected after 21 days. PLZF^+^ cells were analyzed by flow cytometry. G. Analysis of TCRβ expression in PLZF^+^ cells after DP thymocytes were co-cultured on OP9-DL1 cells for 21 days without IL-2. Data are representative 4 (A--C) or 3 (D--G) experiments.Fig. 2

3.2. Loss of CD147 Reprograms Committed T cells Into NK-like Lineage {#s0060}
--------------------------------------------------------------------

It has been reported that genetic deletion of Bcl11b reprograms multiple stages of lineage-committed T cells into NK-like cells ([@bb0115]). Unlike the development of NKT cells, this *in vitro* NK-like reprograming is usually associated with the downregulation of TCRβ ([@bb0115]), which we observed in our OP9-DL1 culture using sorted CD147^T-KO^ HSCs ([Fig. 2](#f0010){ref-type="fig"}D). In addition, when CD147^T-KO^ thymocytes and CD8^+^ T cells were subjected to western blot analysis, we found expression of Bcl11b was significantly reduced ([Fig. 3](#f0015){ref-type="fig"}A). To examine whether this is due to a T to NK cell conversion, sorted DN3 thymocytes from CD147^T-KO^ and WT mice were cultured on OP9-DL1 stromal feeder cells for 14 days, supplemented with 100 ng/ml of IL-2. As Liu and colleagues similarly observed by using an inducible Bcl11b gene deletion ([@bb0115]), we found that loss of CD147 resulted in more than a 30-fold increase of NK-like cells and more than a 30-fold reduction of T cells ([Fig. 3](#f0015){ref-type="fig"}B). Furthermore, these DN3 T cells-converted NK cells are highly cytotoxic, as a majority of OP9-DL1 cells were killed during this trans-differentiation process ([Fig. 3](#f0015){ref-type="fig"}C) and \> 80% of these cells expressed granzyme B (Fig. S4A). While these day 14 culture products were subjected to standard 51Cr-release assays, NK-like cells converted from CD147^T-KO^ DN3 thymocytes were fully capable of producing cytotoxicity to kill B16-F10 melanoma cells ([Fig. 3](#f0015){ref-type="fig"}D). To fully assess the capacity of this conversion, we sorted single WT or CD147^T-KO^ DN3 cells into individual culture wells supplied with OP9-DL1 feeder cells and IL-2. After 12 days of culture, while \< 4% (2/51) of WT culture wells have detectably NK cells, reprograming was detected in 66% (35/53) of CD147^T-KO^ wells. Within these wells, around 65% of the highly expanded cells were NK1.1^+^ ([Fig. 3](#f0015){ref-type="fig"}E), indicating that NK cells can efficiently be generated from CD147 deficient DN3 cells in an optimal environment. We further subjected more matured CD147^T-KO^ T cells (DP, CD4^+^ SP and CD8^+^ SP) to this *in vitro* trans-differentiation test. Similar to DN3 cells, after 14 days of culture, all T lineages were partially converted into NK1.1^+^ cells and expanded in the presence of IL-2 ([Fig. 4](#f0020){ref-type="fig"}). Among them, CD4^+^ CD147^T-KO^ cells were relatively more stable than other two populations ([Fig. 4](#f0020){ref-type="fig"}C *vs* A, D). Within the converted NK1.1^+^ cells we detected a significant portion of them are CD3-NK1.1^+^ Nkp46^+^, which phenotypically indicated complete trans-differentiation ([Fig. 4](#f0020){ref-type="fig"}B, E). Importantly, the converted cells are highly cytotoxic (Fig. S4B). To evaluate the conversion of peripheral T cells, particularly CD8^+^ T cells, we sorted CD8^+^ T cells from the spleen. Supplemented with 100 ng/ml IL-2, the cells were co-cultured with OP9-DL1 feeder cells for 14 days. The results showed that a portion of CD147^T-KO^ peripheral CD8^+^ T cells acquired NK1.1 (Fig. S4C), which indicated CD147^T-KO^ peripheral CD8^+^ T cells have the potential to be converted into NK-like cells (Fig. S4C), although we cannot exclude the possibility that the conversion process of these peripheral T cells are initiated in the thymus. Nevertheless, these results mirrored the *in vitro* conversion phenotypes of cultured Bcl11b-depleted cells ([@bb0115]). In addition, we also analyzed expression of NK1.1 in thymic and peripheral CD8^+^ T cells. In all examined peripheral organs, we observed the increase of CD8^+^ NK1.1^+^ cells in CD147^T-KO^ mice (Fig. S4D). Taken together, similar to a genetic Bcl11b deletion, the loss of CD147 also weakens the stability of lineage commitment of various T cells, but instead strengthens their potential to differentiate into NK-like cells.Fig. 3CD147 deletion reprograms DN3 cells into the NK-like lineage. A. Analysis of thymic and peripheral CD8^+^ Bcl11b expression by western blot in both WT and CD147^T-KO^ mice. B. Flow cytometry analysis of DN3 thymocytes co-cultured with OP9-DL1 feeder cells for 14 days, supplemented with 100 ng/ml IL-2. C. Trypan blue staining was used to detect the death of OP9-DLI stromal cells induced by killing from co-cultured DN3 thymocytes supplemented with 100 ng/ml IL-2. Images were captured at 200 × magnification. D. Cytotoxicity of DN3-converted cells measured in standard 51Cr-release assays with B16F10 tumor cell targets at the indicated effector-to-target (E:T) ratios. E. Flow cytometry analysis of surface makers of culture products that were reprogrammed from single CD147^T-KO^ DN3 cells supplemented with 100 ng/ml IL-2. Data are representative of 4 (A) or 3 (B, E) experiments.Fig. 3Fig. 4CD147 deletion reprograms DP, CD4, and CD8 T cells into an NK1.1^+^ cell lineage. DP, CD4SP, CD8SP T cells were co-cultured with OP9-DL1 feeder cells for 14 days in the presence of 100 ng/ml IL-2. A. Flow cytometry analysis of co-cultured DP thymocytes with NK1.1 and TCRβ. B. CD3-NK1.1^+^ Nkp46^+^ cells were detected in CD147^T-KO^ DP-converted cells. C. Flow cytometry analysis of co-cultured CD4 T cells with NK1.1 and TCRβ. D. Flow cytometry analysis of co-cultured CD8 T cells with NK1.1 and TCRβ. E. CD3-NK1.1^+^ Nkp46^+^ cells were detected in CD147^T-KO^ CD8^+^-converted cells. Data are representative of 3 experiments.Fig. 4

3.3. CD147 Facilitates Wnt Signaling and Bcl11b Expression to Maintain Lineage Specificity of T cells {#s0065}
-----------------------------------------------------------------------------------------------------

Since Bcl11b is haplosufficient in supporting a normal T cell development program ([@bb0115]), the partial reduction of Bcl11b transcripts detected in CD147^T-KO^ thymocytes predicts that, while the others maintain normal Bcl11b expression, a sub-group of CD147^T-KO^ thymocytes completely lost this protein ([Fig. 5](#f0025){ref-type="fig"}A). Intracellular staining of Bcl11b in a mixed population of thymocytes showed a 3-fold increase of Bcl11b negative cells in the thymus of CD147^T-KO^ mice, while its levels of expression remain comparable in the Bcl11b^+^ subgroup ([Fig. 5](#f0025){ref-type="fig"}B). This result suggests that deleting CD147 as early as the late DN2 stage can stochastically silence Bcl11b gene expression in maturing T cells.Fig. 5CD147 is indispensable to support optimal Wnt signaling and Bcl11b expression. A. qRT-PCR validation of thymic Bcl11b expression. B. Analysis of Bcl11b expression in the thymus using flow cytometry. C. T-cell development related genes (Notch1, HEB, Hes1, Dtx1, TCF1, Gata3, Ets1) and NK or NKT or NK-like cells related genes (Tbx21, Id3, Id2, Zfp105, Il2rb, E4bp4, Zbtb32, Traf1, Ckdn1c) were selected for qRT-PCR analysis. qRT-PCR validation of the gene expression of selected genes from sorted DN3 cells. D. qRT-PCR validation of the gene expression of selected genes from sorted DP cells. E--G. Bone marrow hematopoietic stem cells were co-cultured with OP9-DL1 cells. Wnt3a was then added from begining, and cells were collected for total RNA after 7 days. qRT-PCR was used to analyze Bcl11b expression (E) and flow cytometry analysis of TCRβ cells (F) and flow cytometry analysis of Bcl11b expression (G). H. TCF1 cDNA was transduced into CD147^T-KO^ cells from mouse bone marrow with MSCV-Puro-2Xins-mG-Mock retroviral vector. Western blot analysis of TCF1 and Bcl11b expression was performed from sorted TCF1 transduced cells. I--J. Bone marrow hematopoietic stem cells that were transfected with TCF1 were co-cultured with OP9-DL1 cells, and then collected after 7 days. Flow cytometry analysis was performed of TCRβ cells (I) and Bcl11b expression (J). Data are representative of 4 experiments.Fig. 5

To determine the molecular mechanisms for CD147 maintenance of T cell lineage specificity with sorted WT and CD147^T-KO^ DN3 thymocytes, we examined the expression levels of signature genes for T and NK-like lineages *ex vivo*. Quantitative PCR analysis showed a general upregulation of a series of genes controlling NKT/NK development and effector function, such as T-bet (*Tbx21*), Id2, IL2Rb, and ZBTB32. On the contrary, expression of genes involved in T cell lineage formation, such as molecules related to Notch signaling (Notch1, Hes1 and Dtx1) and crucial transcription factors for lineage specification such as Ets1, GATA3 and TCF1 were suppressed in CD147^T-KO^ thymocytes ([Fig. 5](#f0025){ref-type="fig"}C). A similar gene expression profile, was observed when DP cells were examined ([Fig. 5](#f0025){ref-type="fig"}D); however, there was no significant difference in genes related to Notch signaling, which correlates with a reduced Notch dependency in the DP population. Although a Notch signaling defect was observed in CD147^T-KO^ thymocytes, and CD147 was proposed to be a subunit of γ-secretase in Hela cells, functional examination indicated it is unlikely that CD147 participates directly in Notch pathway ([@bb0190], [@bb0235]).

In various lung carcinoma cell lines, overexpression of CD147 facilitates β-catenin nuclear translocation and enhances Wnt signaling ([@bb0150]). As a key mediator of canonical Wnt signaling effect in early thymocyte development ([@bb0160]), transcription factor TCF-1 plays an essential role in early T-lineage specification ([@bb0185], [@bb0200]). Specifically, ectopic expression of TCF-1 in lymphoid-primed multipotent progenitors elicits Notch-independent T-lineage differentiation and the expression of Bcl11b ([@bb0200]). Given this, we investigated the causal link between CD147, Wnt signaling, and Bcl11b expression. In the OP9-DL1 supported CD147^T-KO^ HSC cultures, treatment with a high dose of Wnt3a significantly elevated Bcl11b expression as compared to CD147^T-KO^ cells ([Fig. 5](#f0025){ref-type="fig"}E, G), and fully restored the impaired T-lineage differentiation ([Fig. 5](#f0025){ref-type="fig"}F). In addition, on the CD147^T-KO^ genetic background, overexpression of TCF-1 elevated Bcl11b expression in developing T cells ([Fig. 5](#f0025){ref-type="fig"}H). For individual cells, this elevation fully restored lost Bcl11b expression ([Fig. 5](#f0025){ref-type="fig"}J) and directly rescued the defect of T-lineage commitment ([Fig. 5](#f0025){ref-type="fig"}I). Taken together, these rescue results indicate that CD147 is indispensable to support optimal Wnt signaling, which was unexpectedly required for optimal Notch activation and consequent Bcl11b expression.

3.4. CD147 as an Immunomodulation Target for Tumor Therapy {#s0070}
----------------------------------------------------------

It has been demonstrated that NK-like cells that have converted from Bcl11b-deficient DP thymocytes have superior cytotoxicity against B16 melanoma cells *in vitro* and *in vivo* ([@bb0115]). Clinically, anti-CD147 antibody alone has proven to suppress primary tumor growth and hepatocellular carcinoma metastasis ([@bb0195], [@bb0230]). While these anti-tumor efficacies were largely attribute to tumor-specific targeting and blocking of CD147 function in tumor cells, we hypothesized that CD147 may also serve as a modulatory target to reprogram T cells into superior NK-like cytotoxic cells, which may be a complimentary mechanism for the therapeutic effect of anti-CD147 blocking. To examine this hypothesis, we first transplanted recipient mice subcutaneously with B16 melanoma cells and found that cells had high surface CD147 levels, but low MHC-I expression (Fig. S5A, B). Compared to WT group, deletion of CD147 in the T cell lineage resulted in a significant retardation of melanoma progression ([Fig. 6](#f0030){ref-type="fig"}A). This enhanced surveillance against the tumor correlates with an intratumoral enrichment of NK1.1^+^ cells in both the TCR^+^ and TCR^−^ populations ([Fig. 6](#f0030){ref-type="fig"}B, S5C & S5D). In addition, treating tumor-bearing mice with an anti-CD147 monoclonal antibody also effectively reduced tumor burdens in transplanted WT mice ([Fig. 6](#f0030){ref-type="fig"}A), and was also associated with enhanced infiltration of NK-like cells into tumor beds ([Figs. 6](#f0030){ref-type="fig"}B & S5C). To determine the molecular characteristics of these NK-like cells, we FACS sorted CD3^+^ CD8^+^, CD3^−^ NK1.1^+^, and CD3^+^ NK1.1^+^ cells from day14 B16 melanoma and performed quantitative PCR analysis with a panel of characteristic genes in T and NK lineages. We observed that, in comparison to WT, 1) for CD147-deficient tumor infiltrating CD8^+^ T cells, although it was moderate, T cell lineage characteristic genes were generally suppressed; the expression of NK-lineage characteristic genes were increased ([Fig. 6](#f0030){ref-type="fig"}C). This indicated that the developmental bias identified in tumor-free animals can also be identified in tumor infiltrating T cells; 2) probably more importantly, for CD147-deficient tumor infiltrating NK and NKT cells, we observed that while expression levels of NK-lineage biased genes were comparable to WT NK or NKT cells, expression levels of T-lineage genes were significantly higher ([Fig. 6](#f0030){ref-type="fig"}D, E). Then, intracellular TCRβ staining was performed using flow cytometry, and the results showed that part of NK1.1 cells express intracellular CD3/TCR after CD147 knockout (Fig. S5E). This strongly suggested that NK and NKT cells identified in tumors of CD147^T-KO^ mice may be lineage converted from T cells. Furthermore, we examined the expression of TCRβ mRNA in CD3^−^ NK1.1^+^ cells sorted from melanoma and normal spleen by qPCR. Surprisingly, although we failed to detect TCR protein, at the mRNA level there is no significant difference between wild type and CD147^T-KO^ mice (Fig. S5F, G). We suspected that there is post-transcriptional regulation mechanism or rapid protein degradation involved to suppress TCR protein in these NK1.1^+^ CD3- cells. And CD147 deletion led to the number of NK1.1^+^ tumor infiltrating cells increasing (Table S6). To dissect out the contribution that NK-like cells had against tumor progression with CD147 deletion or functional blocking in the similar experimental melanoma model, we depleted NK-like cells through tail-vein injection of anti-NK1.1 antibody. The depletion of conventional NK, NKT and converted NK-like cells fully abolished the advantage of tumor protection in CD147^T-KO^ mice ([Fig. 6](#f0030){ref-type="fig"}F) and WT mice under anti-CD147 treatment ([Fig. 6](#f0030){ref-type="fig"}G). These results strongly suggest that, besides its intrinsic roles in suppressing tumor progression, the clinically validated therapeutic efficacy of anti-CD147 may, at least partially, attribute to its immune modulatory function. Since the primary indication of anti-CD147 monoclonal antibody is hepatocellular carcinoma, and the liver is a unique peripheral organ that harbors both conventional and resident NK cells([@bb0125]), we examined our immunomodulation hypothesis by orthotopically transplanting hepatic tumor cells that had high surface CD147 and MHC-I expression levels (Fig. S6A, B). Syngenic Hepa16 hepatoma cells carrying a constitutive active IRES luciferase reporter gene were inoculated *in situ* through direct intrahepatic injection. Although anti-CD147 treatment failed to show decreases in bioluminescent intensity until day 14, it ultimately suppressed the multi-organ metastasis characteristic of Hepa16 cells ([Fig. 7](#f0035){ref-type="fig"}A and data from autopsy). In the end, we observed increased survival in the anti-CD147 treatment group ([Figs. 7](#f0035){ref-type="fig"}A & S6C). In a separate experimental group, tumor-bearing mice were sacrificed for analysis at various days post tumor inoculation. Only half of the CD147^T-KO^ mice developed tumor (Table S7). By day14, after 4 rounds of anti-CD147 antibody treatments, hematoxylin-eosin staining was performed, and indicated that the primary tumor growth was also restricted by genetic CD147 deletion or functional anti-CD147 blocking ([Fig. 7](#f0035){ref-type="fig"}B&S6G). The protection of tumor growth was further validated by calculating the liver to body weight ratio of each group ([Figs. 7](#f0035){ref-type="fig"}C & S6D). Using flow cytometry, we analyzed the dynamic changes of the NK-lineage cells in these mice and observed a steady decline of NK1.1^+^ thymic cells during the development of hepatoma. Interestingly, as shown with our *in vitro* OP9-DL1 organ cultures ([Fig. 2](#f0010){ref-type="fig"}E, F), CD147 genetic deletion and anti-CD147 treatment are both capable of increasing the thymic NK1.1^+^ cells ([Figs. 7](#f0035){ref-type="fig"}D & S6E), indicating that functional blockade of CD147 is sufficient to alter the lineage commitment of developing T cells *in vivo*. The same trend was observed in tumoral livers ([Figs. 7](#f0035){ref-type="fig"}E, S6F, H). Most importantly, in this cancer therapy model, the depletion of NK1.1^+^ cells in the antibody treatment group abolished the protective effect of anti-CD147 ([Fig. 7](#f0035){ref-type="fig"}C). This suggested that anti-CD147 antibody may generate professional NK-like cells for tumor surveillance.Fig. 6CD147 is an immunomodulatory target for melanoma tumor therapy. 5 × 10^4^ B16-F10 cells were transplanted subcutaneously into the thigh of mice. Starting from day 1, mice were treated with 10 mg/kg of Anti-CD147 antibody by tail vain injection every 3 days for 4 times, and tumor growth was monitored every other day starting from day 6. For the NK cell-depleting group, anti-NK1.1 antibody were given 200 ng/mouse by intraperitoneal injection every three days for four times from day 1. A. The tumor volume in WT, CD147^T-KO^ mice, and anti-CD147 mAbs treatment mice. B. Melanoma was mechanically disrupted and digested into single cell suspension. Flow cytometry analysis of NK1.1^+^ cells in melanoma. C--E. qRT-PCR analysis of T-cell development related genes and NK/NKT related genes in CD8^+^ T cells (C) and CD3-NK1.1^+^ cells (D) and CD3^+^ NK1.1^+^ cells (E) from melanoma. F. The tumor volume in WT, CD147^T-KO^ mice, CD147^T-KO^ + anti-NK1.1 mAb treatment mice and WT + anti-NK1.1 mAb treatment mice. G. The tumor volume in WT, anti-CD147 mAbs treatment mice, anti-CD147 + anti-NK1.1 mAb treatment mice and anti-NK1.1 mAb treatment mice. Data are representative of 3 (C--E) or 5 (A--B, F--G) experiments.Fig. 6Fig. 7CD147 is an immunomodulatory target for hepatocellular carcinoma therapy. 106 Hepa16 cells were injected into the liver of WT and CD147^T-KO^ C57BL/6 mice *in situ*. Starting at day 3, the WT mice were treated with 10 mg/kg of CD147 antibody by intravenous tail vain injection, every 3 days for 2 weeks total. Six mice in the control group, six mice in the CD147^T-KO^ group and five mice in the antibody treatment group, one mouse death due to anesthesia. A. Small animal imaging analysis was used to measure the growth of the tumor at days 3, 7, 14, 28 and 42. B. Hematoxylin-eosin staining was used to analyze tumor growth at day 14. All image analysis is shown at 100 × magnification. C. Analysis of the ratio of liver to body weight percentages at day 14 of all treatment groups. D--E. Flow cytometry analysis of NK cells in the thymus (D) and liver (E) after injection of Hepa16 cells.Fig. 7

4. Discussion {#s0075}
=============

During T cell development, the multipotency of CLPs and LMPPs is tightly regulated at each step by sensing the thymic microenvironment through various surface receptors. Among these receptors, Notch is necessary for CLPs and LMPPs to delineate their choice of myeloid or innate lymphoid cell lineages ([@bb0225]). However, our data showed that Notch signaling alone is not sufficient to carry out or maintain the T cell lineage commitment, since loss of CD147 expression or blockade of its function results in the loss of T cell identity at various stages of thymic development. Specifically, immature thymocytes that are CD147 deficient can be reprogramed to various innate lymphocytes including γδ T cells ([Fig. 1](#f0005){ref-type="fig"}), αβTCR^+^ PLZF^+^ NKT-like cells ([Fig. 2](#f0010){ref-type="fig"}), and αβTCR^−/low^NK1.1^+^ NK-like cells ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). It is still uncertain how CD147 participates in the process of T-lineage determination. Our previous study showed that loss of CD147 in CD4^+^ T cells strengthens TCR activation ([@bb0220]). Like other inhibitory surface receptors, such as CD5, CTLA4 and PD-1, which act as a potential negative feedback blockade, surface expression of CD147 is elevated upon TCR signaling ([@bb0100]). Since the expression of PLZF, the master regulator for the NKT lineage, is a direct consequence of strong TCR stimulation ([@bb0145]), we suspected that the observed increase of αβTCR^+^ PLZF^+^ cells might be the result of releasing pre-TCR/TCR signaling from CD147-mediated suppression. This hypothesis can also explain the observed increase of γδ T cells in CD147^T-KO^ mice, a lineage choice which is also favored by robust receptor signaling ([@bb0070]). In addition, loss of CD147 in thymocytes impairs Notch signaling, as we detected inhibited expression of Notch1 in CD147^T-KO^ DN3 cells, as well as in genes directly regulated by Notch1 signaling such as HES1([@bb0055], [@bb0205]), DTX1 ([@bb0055], [@bb0205]), and TCF1 ([@bb0170]). Although CD147 has been shown to co-immunoprecipitate with γ-secretase in HeLa cells ([@bb0235]), changes in CD147 expression did not impact the γ-secretase activity or Notch1 signaling ([@bb0190]). Therefore, we do not expect that CD147 directly cross-talks with Notch pathway. On the other hand, in various lung cancer cell line cultures, overexpression of CD147 led to spontaneous Wnt/β-catenin activation ([@bb0150]). Although the contribution of canonical Wnt signaling, specifically β-catenin, in T-lineage determination remains controversial ([@bb0215]), loss of Wnt3a impairs the DN to DP transition ([@bb0120]). On the background of CD147 deficiency, treatment with recombinant Wnt3a, as well as forced TCF-1 expression reversed the defects of T-lineage development. Our gain-of-function experiments indicated that CD147 might facilitate Wnt3a signaling, which is necessary for optimal activation of TCF-1, the key transcription factor in executing the function of Notch in early T-lineage specification([@bb0200]). The functional roles of Wnt and Notch during development are thought to be generally divided, or even antagonizing: Wnt supports maintenance and self-renewal, while Notch is in charge of differentiation. However, at least in the case of HSCs, these two pathways seem to be integrated, since the inhibition of Notch signaling impairs Wnt signaling and the stemness of HSCs, and Wnt3a stimulation leads to the transcription of Hes1 and Dtx1 and the activation of exogenous Notch reporter ([@bb0035]). A similar cooperation was also observed *in vivo* during vertebrate somitogenesis ([@bb0045]). While the detailed molecular mechanisms are still under our investigation, we proposed that CD147 signaling may be a key mediator that links these two pathways together during early thymocyte development. As reported previously in Bcl11b deletion ([@bb0115], [@bb0180]), CD147^T-KO^ mice were more resistant to B16 melanoma challenge. This resistance was diminished while the anti-NK1.1 antibody was applied to eliminate NKT, NK and NK-like cells. The enhanced anti-tumor surveillance could also be obtained by functional antibody blocking of CD147 in both the melanoma and orthotopic models of liver cancer. CD147 is an established target for antibody-mediated cancer therapy, and its clinical efficacy was attributed to the direct blockade of CD147 signaling in tumor cells ([@bb0195]) and antibody-dependent cell-mediated cytotoxicity ([@bb0240]). However, in our animal models, the efficacy of anti-CD147 therapy also seems to rely on the presence of NK1.1^+^ cells. NK cells are an important population for immune surveillance against tumorigenesis, directly observed in human HCC, and recapitulated in our animal model. The reduction of NK cells ([@bb0015], [@bb0060]) and impairment of NK functions ([@bb0015], [@bb0075]) were strongly associated with tumor progression. Therefore, it is not surprising that NK-like cells generated by anti-CD147 treatment protects animal from tumor challenge. However, this study provided a new mechanistic concept that CD147 can be a target for lymphocyte lineage reprogramming. Interestingly, as discovered in ITNKs ([@bb0115]), NK-like cells generated from CD147 deletion do not tolerate cells with high MHC-I expression (Fig. S5B & S6B), which highlights the anti-tumor potency of this reprogrammed population and the value of CD147 as a target for clinical immune modulation.
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